The understanding of the functional role of the lipid diversity in biological membranes is a major challenge. Lipid models have been developed to address this issue by using lipid mixtures generating liquid-ordered (L o )/liquiddisordered (L d ) immiscibility. The present study examined mixtures comprising Egg sphingomyelin (SM), cholesterol (chol) and phosphatidylcholine (PC) either containing docosahexaenoic (PDPC) or oleic acid (POPC). The mixtures were examined in terms of their capability to induce phase separation at the micron-and nano-scales. Fluorescence microscopy, electron spin resonance (ESR), X-ray diffraction (XRD) and calorimetry methods were used to analyze the lateral organization of the mixtures. Fluorescence microscopy of giant vesicles could show that the temperature of the micron-scale L o /L d miscibility is higher for PDPC than for POPC ternary mixtures. At 37°C, no micron-scale L o /L d phase separation could be identified in the POPC containing mixtures while it was evident for PDPC. In contrast, a phase separation was distinguished for both PC mixtures by ESR and XRD, indicative that PDPC and POPC mixtures differed in micron vs nano domain organization. Compared to POPC, the higher line tension of the L o domains observed in PDPC mixtures is assumed to result from the higher difference in L o /L d order parameter rather than hydrophobic mismatch.
Introduction
The understanding of the physiological significance of lipid diversity and dynamic organization in biological membranes is a key issue in membrane research. In particular, the role of the degree of fatty acid (FA) unsaturation such as for omega-3/6 families is an important topic of examination [1] [2] [3] [4] . The influence of the FA carbon chain length is also an interesting field of investigation. Phospholipids (PLs) containing saturated FA with cholesterol are known to spontaneously segregate and form clusters such as membrane type "rafts" domains [5] [6] [7] which are dynamic and highly ordered domains characterized by their size [8] [9] [10] and ability to form sorting platforms for targeted protein traffic and signaling [11, 12] .
To further understand membrane lipid heterogeneity, biomimetic membrane models have been developed with a various degree of complexity (type, number, and ratio of lipids) using different biophysical methods. For instance, lateral heterogeneity was evidenced by a narrow phase transition for binary mixtures [13] while a liquid ordered/liquid disordered phase separation was described for ternary mixtures comprising high and low melting temperature lipids with cholesterol [14] [15] [16] [17] [18] . The liquid ordered (L o ) arrangement characterized by high lateral lipid mobility and dense packing of FA is of biological importance as it is usually considered to model cellular rafts [19] . In particular, the influence of a specific lipid in the formation of L o domains is still an issue. It was recently shown that sphingolipids, ceramide and sphingosine can promote L o domain formation [20] [21] [22] [23] [24] [25] . With respect to the formation of L o domains, the role of the FA nature is also to be examined, specifically for docosahexaenoic acid (DHA) containing lipids. Indeed, DHA is believed to influence membrane organization in particular lipid raft formation, and be involved in cell signaling [26, 27] .
DHA is a polyunsaturated fatty acid (PUFA), belonging to the omega-3 family whose carbon chain is extremely flexible due to a high degree of molecular freedom [28, 29] . Data from NMR studies clearly showed the remarkable mobility of DHA chains leading to quite thin and fluid [30] , very permeable [31] and elastic [32] membranes.
In the present study, we aimed to examine the role of the degree of unsaturation and FA chain length in the formation and stability of the liquid/liquid phase separation. For this, we compared lipid mixtures only differing in DHA and oleic acid content. Oleic acid (OA), a FA containing one double bond was chosen because it represents the Biochimica et Biophysica Acta 1848 (2015) [1424] [1425] [1426] [1427] [1428] [1429] [1430] [1431] [1432] [1433] [1434] [1435] most common unsaturated FA. Palmitoyl-oleoyl phosphatidylcholine (POPC) is a phospholipid that contains OA at the sn-2 position, whereas for palmitoyl-docosahexaenoyl phosphatidylcholine (PDPC) the esterified sn-2 FA is DHA with six conjugated double bonds (Fig. 1) . Binary (POPC vs PDPC/EggSM) and ternary (POPC vs PDPC/EggSM/chol) lipid mixtures have been investigated in order to examine and compare their phase separation behavior in a multi-scale approach. Therefore, we have used fluorescence microscopy, electron spin resonance spectroscopy (ESR), X-ray diffraction (XRD) and differential scanning calorimetry (DSC) methods.
Material and methods

Lipids
L-α-phosphatidylcholine-β-palmitoyl-γ-oleoyl (POPC), L-α-phosphatidylcholine-β-palmitoyl-γ-docosahexaenoyl (PDPC), sphingomyelin from egg yolk (EggSM) and the fluorescent lipid analog L-α-phosphatidylethanolamine-N-(lisamine rhodamine B sulfonyl) (Rhod-PE) were purchased from Avanti Polar Lipids, Alabaster, and used without further purification. The distribution of fatty acids in egg sphingomyelin is 84% C16:0, 6% C18:0, 2% C20:0, 4% C22:0 and 4% C24:0. The buffer of 0.5 mM Hepes, pH 7.4 (conductance σ = 59 μS/cm) and doxyl-16-stearic acid spin probe were purchased from Sigma-Aldrich.
All possible precautions were taken during lipid manipulations to minimize oxidation processes [33, 34] . Glove box purged with nitrogen was used during all procedures related to vesicle preparations and direct exposure to light was systematically avoided. Buffer used for hydration was depleted of dissolved oxygen by nitrogen gas bubbling.
Only up to 2 week-aged POPC and PDPC solutions were used for our experiment as we could verify using gas chromatography that no significant traces of oxidation was visible up to 2 weeks.
Methods
2.2.1. Electroformation and fluorescence microscopy of giant unilamellar vesicles (GUVs) 2.2.1.1. Electroformation. Giant unilamellar vesicles (GUVs) were prepared using the electroformation method developed by Angelova and Dimitrov [35] . The lipid mixtures were prepared in diethyl ether/ chloroform/methanol (70/20/10 v/v) at 0.5 mg/ml total lipid. Three drops of the lipid solution were spread onto each electrode. The diameters of platinum electrodes were 0.8 mm and they were positioned parallel to each other at a distance of 3 mm. The diethyl ether was used to increase the wetting capacity of the lipid drops on the platinum electrodes. The solvent was evaporated and then the electrodes were placed in a temperature-controlled quartz chamber. The dry lipid layers were hydrated with 0.5 mM Hepes buffer, pH 7.4, σ = 59 μS/cm. An alternative voltage rising from 100 mV to 400 mV over 30 min with a frequency of 10 Hz was applied. The time for vesicle formation was from 3 to 5 h depending on the type of lipid mixture.
GUVs were observed using a Zeiss Axiovert 135 microscope equipped with 63× long working distance objective lens (LD Achroplan Ph2). Observations were recorded using Zeiss AxioCam HSm CCD camera connected to an image recording and processing system (Axiovision, Zeiss). Lipid phase separation in GUVs was followed in fluorescence by Zeiss filter set 15 (Ex/Em = 546/590 nm).
Protection against oxidation of the GUVs: Several methods were used to avoid oxidation of the studied lipid mixtures. We first used Platinum (Pt) electrodes and low up to 400 mV peak to peak sine wave voltages to minimize the formation of lipid peroxides by electrochemical reactions. To avoid photo-induced oxidation during the fluorescence observation, we used a low power illumination (50 W Hg arc lamp light) along with low dye concentration, neutral density filters up to OD = 1.0 and shorter as possible shutter open time during imaging following recommendations of the Feigenson's group [18, 36] . We only accepted as experimental results the phase separation visualized immediately after opening of illumination and not those taken after long exposure time. In order to examine whether lipid oxidation took place and affected L o /L d phase separation in GUV membranes, different concentrations of n-propyl-gallate (nPG) were used from 0.5 to 5 mM. nPG was added to the buffer before electroformation of GUV and after it. No differences in phase behavior of the lipid mixtures were noticed with both conditions indicative of the effectiveness of the used protective methods (data not shown). Therefore, we stated that if some lipid oxidation happened during GUV electroformation its influence on lipid phase separation could be considered as negligible under our experimental conditions. 2.2.1.2. Fluorescence microscopy. Fluorescence microscopy method is able to visualize the micron-scale phase separation. The fluorescent lipid marker Egg Rhodamine PE is known to partition predominantly in L d phase where it appears as bright regions under fluorescence [37] . By contrast, the L o phase is identified by dark round-shaped domains within the vesicle membrane. Two types of experiments were performed. The first one aimed at determining the temperature of micron-scale miscibility transition. Temperature of domain appearance and disappearance was measured upon cooling and after reheating respectively. The average of these two values could determine the micron-scale miscibility transition temperature (T m ). Visualization and characterization of the phase morphology as a function of temperature were also performed. The vesicles were studied in the temperature range from 65°to 4°C at rate 0.1°C/min during both types of experiments.
DSC
Lipid mixtures, co-dissolved in chloroform/methanol 2/1 (v/v), were dried first under nitrogen gas followed by vacuum overnight to ensure the removal of residual organic solvent. Multilamellar vesicles (MLVs) Fig. 1 . Molecular structure of the studied lipids from top to bottom as follows: L-α-phosphatidylcholine-β-palmitoyl-γ-oleoyl (POPC), L-α-phosphatidylcholine-β-palmitoyl-γ-docosahexaenoyl (PDPC), sphingomyelin from egg yolk (EggSM) and cholesterol (chol).
were prepared by hydrating the lipid mixtures at 3 mg/ml in warm buffer solutions (65°C): in the first series of experiments 0.5 mM Hepes, pH 7.4 was used while in the second one 0.5 mM Hepes, pH 7.4. MLV solutions were frozen in dry ice and thawed three times in a water bath (65°C) to ensure the lipid mixing. The samples were vortexmixed several times for 1 min. DSC measurements were performed using differential scanning microcalorimeter DASM-4 (Biopribor, Pushchino, Russia) with sensitivity N 4.10 −6 cal/K and a noise level b5.10 − 7 W. Samples were loaded into the calorimetric cell at room temperature. Heating and cooling scans were made with a rate of 0.5°C/min. Three heating and cooling scans were performed for each analysis to ensure thermogram reproducibility. The cooling scan was always presented in the graphs. The thermograms were corrected for the instrumental baseline. The multicomponent thermograms were deconvolved using Origin Software based on nonlinear least-squares minimization. The deconvolution was made on the assumption that the thermograms can be described in terms of a linear combination of more than one independent transition, each approximating a two-state transition [38] . The midpoint transition temperature (T c ), enthalpy change (ΔH) and apparent cooperativity of the transition (the width at half height (ΔT 1/2) ) were derived from the excess heat capacity curve.
2.2.3.
Small and wide angle X-ray diffraction using synchrotron radiation MLVs for X-ray diffraction studies were prepared by dissolving lipids in chloroform/methanol (2/1, vol/vol) in desired PC/Egg SM/cholesterol molar ratio. The organic solvent was subsequently evaporated under a stream of oxygen-free dry nitrogen at 45°C and any remaining traces of solvent were removed by a 2-day storage under high vacuum at 20°C. Dry lipids were hydrated with an equal weight of a 10 mM Tris-HCl, 150 mM NaCl, 0.1 mM CaCl 2 (pH 7.5) buffer. The aqueous dispersion of lipids was thoroughly stirred with a thin needle, sealed under argon, and gently shaken at 50°C during 2 h. The samples were stored under argon at 4°C. X-ray examination was conducted after 2 h at 65°C and a 2 h equilibration at 20°C and after stirring. Acquisition of X-ray diffractograms was made at the I22 the Diamond Synchrotron Radiation station (UK) (www.diamond.ac.uk). Simultaneous smallangle (SAXS) and wide-angle (WAXS) X-ray scattering intensities were recorded (Application SM4691). The duration of the scan was 15 s during which continuous value integration was processed. The camera length (SAXS) was 1.2 m of the sample. Detector calibration was carried out using silver behenate. The lipid dispersion sample (20 μl) was sandwiched between two thin mica windows (0.5 mm apart). The samples were recorded at 37°C after a 10 min period for temperature equilibration. Data reduction and analysis were performed using Peak Fit 4.12 software (Systat Software Inc.). After X-ray analysis, the fatty acid composition of each phospholipid (POPC, PDPC and EggSM) was examined by gas-liquid chromatography/mass spectrometry to check reproducibility of the samples and confirm that data obtained are based on non-degraded lipids. The small angle X-ray scattering intensity profiles were analyzed using standard procedures [39] . The scattering intensity data from the first four orders of the Bragg reflections of the multilamellar liposomes were used to generate electron density profiles [40] for the L o and L d repeat structures detected in the ternary lipid dispersions. After correction of the raw data for detector channel response and subtraction of the background scattering from both water and the sample cell windows, each Bragg peak s was fitted by a Lorentzian + Gaussian distribution. The square root of integrated peak intensity I(h) was derived to determine the form factor F(h): F(h) = h√I(h), h = order of peak reflection, I(h) = integrated intensity of each respective reflection. Electron density profiles were calculated by the Fourier synthesis: ρ(z) = ∑ ± F(h)cos(2πh z/d), d = d spacing = dpp + dw (dpp: phosphate-phosphate bilayer thickness, dw: hydration layer). These curves are sigmoidal functions where the maxima are indicative of the electron-enriched membrane region and stand for the phosphorus polar head-group, while the minima represent the electron-deprived area, standing for the fatty acid tail at the center of the bilayer.
ESR methods
X-band ESR experiments have been carried out to extend the range of our observations to the nanometer scale and to determine the effect of DHA on the molecular ordering of the coexisting phases (
For that purpose we used a doxylstearic acid spin probe labeled in position 16 of the chain (denoted hereafter 16NS) over the temperature range from 17°C to 57°C by 5°step. Lipid mixtures were doped with 0.1 mol% of 16NS. After evaporation of the solvent the dry lipids were hydrated with a large excess 500 μl of buffer consisting of 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1 mM CaCl 2 . The lipid dispersion was centrifuged and 20 μl of the pelleted liposomes were transferred to an ESR measurement capillary cell and sealed.
Continuous wave ESR spectra were recorded at 9.5 GHz (ELEXSYS 500 spectrometer Bruker, Wissembourg, France) after an equilibration time (ca. 10 min) at each temperature set by the variable temperature device. The experiments were systematically ran at microwave powers of 1 and 10 mW, the latter being used to optimize the S/N ratio. No saturation effects were observed. Moreover the reversibility with temperature of the recordings was checked.
The ESR parameters have been determined by least-squares spectral fittings as previously reported [41] (see also www.esr-spectsim-softw.fr).
The quality of fittings was evaluated from the average standard deviation σ between the normalized experimental and computed spectra. For each samples σ was generally found in the order of 0.07 and 0.05 for microwave powers of 1 and 10 mW, respectively. As the difference is very small, we have considered the mean values of the parameters derived from these two series of measurements.
These fittings are generally inconsistent with a single site. It is therefore assumed that the spin probe is distributed among two or tentatively among three sites each one corresponding to a L d , L β and/or L o phases. The adjustable parameters of major interest are the order parameter S zz ¼
and less ordered L d (B) phases and the effective reorientation correlation time τ in each of these phases as well as the fraction of the probe in the most ordered one (L β or L o phase). a// and a⊥ are the principal values of the nitrogen hyperfine coupling tensor a averaged by the motions about the directory of the lamellar phases. Here we have taken for the a tensor a zz = 3.29mT, a yy = 0.54mT, a xx = 0.59mT and g zz = 2.0022, g yy = 2.0058, g xx = 2.0088 for the g tensor [42] , the Z and X axes being directed along the axis of the nitrogen centred 2p z orbital and the N\O bond, respectively. As the a tensor is dependent on the local polarity, its principal values have been corrected by a factor taken as an adjustable parameter of spectral fittings. τ is an effective reorientation correlation time resulting from the wobbling of the probe about the director of the phase, from its overall axial reorientation and from segmental motions. In most cases however it follows approximately the τ = τ 0 exp(E/RT) temperature dependence. Its mean value 〈τ〉 T min T max over a temperature range may be useful to compare the molecular mobility at the level of the probe in different mixtures.
The reliability in the determination of the most ordered fraction and Szz A and Szz B displayed in Figs. 6 and 7 can be estimated from the differences in the fittings of spectra recorded at powers 1 mW and 10 mW. Denoting F one of these parameters, the reduced difference between each of the two series of measurement is expressed as:
The mean values of R over all binary and ternary mixtures are 0.06, 0.04 and 0.008 for fraction A, Szz A and Szz B, respectively.
Results
All studied methods aimed at comparing phase behavior differences between DHA-and OA-containing PCs. (Fig. 2) .
Fluorescence microscopy study
In the POPC-ternary mixture, homogenous vesicles were observed from 40°to 24°C (Fig. 2a) . At 23.4°C, small dark domains characterized by a perfectly round shape appeared on a bright background, demonstrating the coexistence of two liquid phases (Table 1) . With temperature decrease they began to grow by fusion (Fig. 2b) . A phase percolation was observed at temperatures between 13 and 4°C ( Fig. 2c ) with many bright domains in L d phase moving on a dark background.
In the PDPC-mixture, a phase separation was detected within a wider temperature range starting from 49.8°to 4°C (Table 1 , Fig. 2(d-f) ). The miscibility temperature of this mixture is 26.4°C higher than that of the POPC one. At the lowest temperatures, the L o domain fraction predominates within the Ld phase (Fig. 2f) in contrast with the POPC mixture where the converse is observed with L d domains prevailing into a L o phase (Fig. 2c) 
DSC study
DSC could evidence in single EggSM a highly cooperative gel to fluid phase transition with a high melting temperature (T m = 39.7°C) with 7.9 kcal/mol enthalpy (Fig. 3A, Table 2 ). In contrast, POPC and PDPC exhibited similar thermal behavior with phase transition temperature at about −3°C [43] .
The addition of 10 mol% chol to EggSM led to a binary mixture exhibiting a larger transition peak and a significant enthalpy reduction (1.3 kcal/mol) (Fig. 3B) . The observed asymmetrical transition peak was deconvolved into two components, allowing calculation of transition temperatures, enthalpies and apparent cooperativity values for each of the two components (Table 2 ). This result is in accordance with studies showing that peak asymmetry is observed in binary mixtures of natural sterols with saturated PCs [44, 45] . The first peak, denoted as phase I, was centered at 37.9°C, while the second (phase II) was measured at 41.1°C (Fig. 3B, Table 2 ). Previous studies have assigned these two phases to cholesterol-poor and cholesterol-enriched phases respectively [46, 47] . In these studies, it has been demonstrated that the transition temperature and cooperativity of phase I decreased slightly with the increase of cholesterol concentration while the enthalpy decreased significantly. This component disappeared completely at high cholesterol concentrations (50 mol%).
The phase transition temperature of the second component (phase II), however, increased with augmentation of the cholesterol content, while the cooperativity decreased significantly. The enthalpy of phase II initially increased, was followed by a reduction reaching zero at a concentration of 50 mol% chol [46, 47] . In our study, the addition of POPC and PDPC (85/10/ 5 EggSM/chol/PCs mixtures) shifted the transition to lower temperatures, increased enthalpy and broadened largely the transition compared to the described binary mixture (90/10 EggSM/chol) (Fig. 3C , Table 2 ). Phase transition temperature of components I and II decreased for both PC mixtures. At a temperature of about 45°C, a significant fraction of lipids could not melt in the PDPC containing mixture whereas this was not observed for the POPC ternary mixture (Fig. 3C) . The 5% PDPC addition was associated with a significant enthalpy increase for both phases I and II while the same amount addition of POPC led to little changes in phase II (Table 2) . Accordingly, in the PDPC mixture a higher T m , enthalpy phase was observed with a lower apparent cooperativity compared to POPC. The effect of POPC seemed to be more pronounced on phase I than phase II compared to the EggSM/chol control mixture. POPC tended to interact with phase I (cholesterol-poor phase) unlike the PDPC mixture. PDPC affected both components indicating that it substantially affected the lipid distribution in two phases.
Mannock et al. [48] could evidence in EggSM/chol mixture that cholesterol increment led to an increased phase transition temperature along with a marked decreased cooperativity. These thermotropic properties were rather attributed to the broad component (with higher melting temperature) than the sharp one (with lower melting temperature). These results support the assumption that addition of DHA containing PC can induce a decreased miscibility of cholesterol in phase I consequently leading to more cholesterol in phase II. Thus, the higher melting temperature and enthalpy of phase II in the PDPC mixture are assumed to result from an increased cholesterol concentration in the EggSM/chol mixtures [48] .
In conclusion, the addition of 5% DHA in the EggSM/chol mixture was able to form a phase with higher melting temperature and enthalpy compared to the same amount addition of POPC, suggesting that cholesterol distribution between the co-existing phases of the studied mixture is not the same for both PCs.
Small angle X-ray study
PDPC and POPC ternary mixtures lipid organization was studied and compared using X-ray scattering method in order to identify phase separation behavior by d-spacing and bilayer thickness (dpp) measures. Both PC-enriched mixtures (PCs/EggSM/chol 50/25/25 mol/mol/mol) were compared at temperatures of 20°C, 30°C, and 37°C (Table 3) . SAXS diffractograms (raw data) can be viewed in the supplementary data section (Fig. A) .
The splitting of the diffraction peaks revealed the heterogeneity for both studied mixture (Fig. 4) . At all studied temperatures, a lamellar liquid-liquid phase separation was observed for POPC and PDPC (except at 20°C for the POPC mixture where no phase separation was detected). Among mixtures exhibiting phase separation, two lamellar liquid phases (L1 phase/L2 phase) were identified at all studied temperatures for each of the four identified Bragg peak order, except at 30°C for the PDPC mixture where a third lamellar phase was distinguishable. The (Table 3) . Thermal behavior of dpp is specific for each L o and L d phases for both PCs mixtures. For L o phase, no change in dpp value was observed with temperature increase in the POPC mixture while temperature increase was associated with dpp decrease for PDPC. For L d phase, the POPC mixture exhibited a dpp decrease with temperature elevation, whereas the opposite was observed for PDPC with a dpp augmentation with temperature increase. It can be concluded that the phase separation observed in both mixtures does not result only from dpp difference between the coexisting phases that are resulting from the hydrophobic mismatch between two phases. Indeed, in the studied PDPC mixture a phase separation was still maintained at 37°C despite no major difference in dpp between L o /L d phases.
Other molar ratio ternary mixtures (40/30/30 and 34/33/33) were also studied (data not shown). The reason why these data are not shown is that SAXS peaks were rather symmetrical under our experimental conditions. However, the absence of multiple peaks does not imply the absence of phase separation, because the coexisting phases with similar D-or d-spacings may not be resolved. The small difference in FA length between two PCs species is probably additionally diminished by cholesterol that may impede the resolving of phase coexistence. Only the most PC-enriched mixtures have been described in this section because splitted or asymmetrical SAXS peaks have been found up to 4th order.
ESR study
The motion and order in binary PCs/EggSM and ternary PCs/EggSM/ chol mixtures were investigated by ESR spectroscopy of a spin-labeled fatty acid with the nitroxide reporter group attached at position 16 of the acyl chain (16NS) to probe the environment of the bilayer center. Order parameters and reorientation correlation times were derived from a spectral simulation analysis.
Binary mixtures
The two component spectra are assigned to the coexistence of the gel (L β ) and L d phases in the studied temperature range. The L β phase disappeared at the vicinity 42°and 32°C for the POPC/EggSM and PDPC/EggSM 50/50 mixtures, respectively. Both the order parameter Szz and fraction of L β were larger for POPC than PDPC in the whole temperature range. For the L d phase, Szz was nearly equivalent for both mixtures (Fig. 5) . It may be pointed out that in the temperature range of coexistence of L β and L d phases, the mean reorientation correlation times 〈τ〉 17°3 2°i n the L β and L d phases were quite close: 0.68 and 0.64 ns, 0.60 and 0.59 ns for the POPC/EggSM and PDPC/EggSM mixtures, respectively (Table 4) .
Ternary mixtures
The influence of the sample composition on Szz and on the fraction of the probe among the phases has been investigated on PCs/EggSM/chol 50/25/25, 40/40/20 and 34/33/33. By analogy with the fluorescence microscopy study, PC denotes POPC or PDPC. The visual inspection of ESR spectra revealed the existence of at least two sites differing by the relevant Szz values (Fig. 6) . The spectral simulations were indeed consistent with the coexistence of two phases characterized by 0. As apparent in Table 4 in the case of the POPC/EggSM/chol mixtures 〈τ〉 17°5 2°i s significantly smaller for the L o than for the L d phase indicating a higher molecular mobility in the former. The same is true but to a lesser extent for the PDPC/EggSM/chol mixtures. To explain this difference we have tentatively assumed the coexistence of three phases L β , L o and L d or L o , L d1 and L d2 . In most cases the spectral simulations yield inconsistent or spurious values of parameters so that this assumption probably does not hold. A common feature to the three mixtures is that the order parameter and the mean reorientation correlation times 〈τ〉 17°3 2°o f the L o phase were larger for the PDPC/EggSM/chol mixtures than for the POPC/ EggSM/chol ones (Fig. 7a) . The reverse is observed for the L d phase showing that cholesterol is partitioned among the two phases, L o and L d being enriched and depleted in this component, respectively. Increasing the POPC and PDPC concentration with respect to EggSM resulted in lowering of the order parameter in the L o phase (Fig. 7a) . The difference in orders between L o and L d phases was larger in the PDPC ternary mixtures compared to the POPC. Comparing the 40/40/20 POPC/EggSM/ chol and PDPC/EggSM/chol mixtures showed that the difference in Szz of the L o phases becomes larger when SM/chol ratio reaches 2/1. Additionally, when total cholesterol concentration was elevated in the mixture, the Szz of the L o phase increased as well suggesting the formation of more stable complexes between cholesterol and SM [49] . In the lowest temperature range, the L o fraction of POPC/EggSM/chol was larger than for the PDPC/EggSM/chol (Fig. 7b) . The reverse was observed above 37°C where the L o fractions of PDPC-comprising mixtures were slightly higher. In conclusion, the L o phase in the presence of PDPC is characterized with higher order and reorientation correlation times than POPC ternary mixtures. These physicochemical properties of the L o phase in PDPC mixtures probably determine its slightly higher thermo-stability above the physiological temperature compared to the POPC-mixture.
Discussion
The present study examined the phase separation behavior of binary and ternary DHA versus OA-comprising PC mixtures. Overall differences in phase separation could be demonstrated between POPC and PDPC mixtures depending on the examination method used, type and number of the associated lipids. A particular emphasis was made on comparing micron and nano-scale lipid organization. With respect to phase separation, we could demonstrate with fluorescence methods that the thermal behavior of both PC species differed in PC/SM/chol mixtures. The L o /L d miscibility temperature was higher with larger L o domain size for PDPC mixtures compared to POPC ones. Interestingly, while fluorescence assays could evidence a phase separation at 37°C only for the PDPC mixtures, in contrast X-ray diffraction could demonstrate the existence of a L o /L d lamellar phase separation for both PC mixtures. ESR was also able to identify two phases for both PC mixtures distinguishable via their order parameters and fraction.
DHA vs OA containing PC mixtures in membrane models
The effect of the phospholipid head group structure along with acyl chain length and degree of unsaturation upon the tendency to form ordered domains with cholesterol is an interesting and relevant topic of investigation. Among PUFAs, DHA was shown to be preferentially esterified to PE with lesser amounts to PC [50] [51] [52] . The distribution within the membrane layer of PE and PC also differs with PE predominating internally while PC being more abundant in the external leaflet [53] and involved in raft formation. A much greater tendency to accumulate with cholesterol and SM in domains mimicking the lipid composition of rafts is implied for PDPC over PDPE, partly because of the smaller head group of PE compared to SM [54] . The present study aimed to investigate both directions: the role of the head group nature that was compared with similar PE experiments in the literature as well as examining the micro vs nano-scale behavior of POPC and PDPC in SM/chol mixtures. 
Table 2
Thermodynamic parameters of the gel-fluid phase transitions shown in Fig. 3 , average values ± SD (n = 3).
Sample (molar ratio)
Midpoint DHA and OA containing PC species exhibited differences in phase separation into raft-like domains in model membranes. These differences have been attributed to the saturated nature of sphingolipid acyl chains that packs well with the rigid cholesterol backbone and separate from DHA containing phospholipids. DHA chains are disordered and enhance the segregation of cholesterol into SM-rich/sterolrich rafts, favoring DHA-rich domains via cholesterol exclusion but DHA chains can also partition into rafts [55] .
Our data are in favor of an enriched model also supported by studies such as these developed in mouse B-cell lipid rafts [56] in which PUFAcontaining phospholipids can occupy and modify the ordered packing existing within lipid rafts. PUFA can thus be considered both as infiltrating rafts as well as forming (non-raft) domains. Examples of this assumption are numerous. For instance, it could be demonstrated that the DRM fractions derived from neonatal cardiomyocytes contain about 15% OA and 7% DHA at 4°C [57] . Using model membranes, the same group could measure the amount of POPE or PDPE present in DRM in POPE or PDPE/SM/chol mixtures (POPE: 1-palmitoyl-2-oleoyl-sn-glycerophosphatidylethanolamine; PDPE: 1-palmitoyl-2-docosahexaenoyl-sn-glycerophosphatidylethanolamine). They find twice as much OA than DHA in the DRM fractions (60% vs 20% at 40°C and 80% vs 30% at 4°C). DHA-containing PE versus PC mixtures exhibits significant differences in that respect. While a minimal incorporation of PDPE was observed into raft-like domains with PDPE preferentially segregating into non-raft domains, it was demonstrated that a substantial amount of DHA-containing PC can penetrate raft-like domains [54] . The nature of the contained PUFA is also of importance as in studies comparing EPA versus DHA containing PE, incorporation into rafts was twofold greater for DHA than for EPA, indicating that the longer acyl chains were favoring intrusion into the dense SM/chol packing of the L o phase [58] . In addition, a recent study in animal with DHA-enriched diet and cultured cells was able to demonstrate that DHA enhances raft formation in plasma cell membranes [59] .
L o /L d phase separation in PC mixtures: respective contribution of microand nano-scale methods
The differences in phase segregation behavior in both PC mixtures have been examined in comparing our data for each method and matching them with those from the literature. In fluorescence, the temperature of L o /L d miscibility was twice as great for the PDPC mixtures as for the POPC ones. This result is in agreement with Garcia-Saez et al. findings using doubly unsaturated PC in their experiments [20, 60] . A proportional relationship between the temperature of L o /L d phase separation and hydrophobic mismatch was demonstrated. In their experiments, the hydrophobic mismatch was studied as a function of the acyl-chain length and degree of unsaturation. The authors could find that the greater the L o /L d height mismatch, the higher the de-mixing temperature. In the present study, the larger L o domain size identified at 37°C for the PDPC mixtures is in accordance with the higher demixing temperature of this mixture compared to the POPC one. The authors have also shown that a twofold change in de-mixing temperature was associated with a two-to fourfold higher line tension of L o domains. Accordingly, it may be proposed, that the line tension of the L o domains in our studied PDPC mixtures is higher compared to the POPC ones.
The observed difference in the L d bilayer thickness for both PC mixtures (Table 3) in GUVs suggesting that the hydrophobic mismatch is not the only parameter that governs the phase separation. In contrast, the negligible bilayer thickness difference between L o and L d in PDPC mixtures was not an obstacle in the formation of a phase separation at the nano-and micron-scale, assuming the existence of another driving force causing phase separation in particular related to the mode of acyl chain packing.
Acyl-chain packing in L o /L d phases in POPC/PDPC mixtures
The ESR data contributed to the understanding of the acyl chain packing into the PC mixtures via measures of the order parameter. The L o order parameter was systematically higher for PDPC compared to POPC, indicative of a greater amount of SM and/or cholesterol in the L o phase for the PDPC mixtures. A greater order for PDPC in L o phase was also found using 2 H NMR spectroscopy study showing a twofold greater increase in molecular order after cholesterol addition in PDPC/ SM-versus PDPE/SM-mixture (1/1/1) at 40°C [58, 61] . Such finding was also demonstrated in animals with fish oil enriched diet [61] .
The larger delta Szz difference between L o and L d was found for PDPC compared to POPC mixtures. This difference suggests that both PC mixtures exhibit a specific fluidity, spontaneous curvature for each of the two co-existing phases generating differences in line tension along the domain boundaries [62] . The line tension governs the distribution of domain sizes, which may explain the observed differences in behavior between POPC and PDPC mixtures in domain sizes. Higher delta Szz L o /L d is an indication that higher line tension can account for the higher temperature of de-mixing in the PDPC mixtures compared to POPC ones rather than the L o /L d hydrophobic mismatch. Lower delta Szz L o /L d for POPC compared to PDPC mixtures implies a lower line tension for the domains in POPC mixtures leading to smaller domain size for POPC explaining why they are only visible when using nanoscale methods.
Theoretical works predict that the small value of line tension is a factor which would distribute the raft area over smaller raft sizes because of the competition between reduced boundary energies and unfavorable entropy with raft merger [62] . Generally, the aver- [63] . For all the mixtures under study, the exchange rate of the probe is below the threshold of ESR measurements ν ex ≈ 10 6 s −1
. No valuable information on domain sizes can therefore be drawn from our ESR experiments. One can only estimate that the average domain sizes are larger than 6 nm. Combining ESR and NMR data, Bunge et al. [64] reported that the minimal radius of these nanodomains in POPC ternary mixture has to be in the order of 45-70 nm when approaching de-mixing temperature. Above the de-mixing temperature of 23.4°C, for GUVs, the ESR data could identify as much as 70% of L o fraction. It can be concluded that for POPC the observed homogeneous phase in GUVs is likely to be composed of a great number of L o nano-scale domains invisible at the micron scale. In contrast, under the de-mixing temperature, a continuous L o phase inside of which small L d domains were distinguishable in GUVs.
Molecular interaction of POPC and PDPC with sphingomyelin and cholesterol
To further understand the molecular interactions between the neighboring lipid molecules with both PCs in the studied mixtures, data from low PC ternary (DSC) and binary PC/SM mixtures (ESR) were analyzed. A crucial point is related to the preferential interaction between SM and cholesterol that has been proposed as a key factor in the formation of cholesterol-and SM-rich domains in membranes [65] . Slotte and co-workers have shown the influence of the SM head group [66] or acyl-chain length [ ESR data indicate that a gel-liquid phase transition is observed for PDPC mixtures at a lower temperature compared to POPC, suggesting a higher miscibility of SM for PDPC. In contrast, the immiscibility observed in ternary mixtures containing cholesterol and PCs was shown to be due to the low affinity of cholesterol to polyunsaturated fatty acids [68] .
Our DSC data could show PDPC lower miscibility in EggSM/chol/PC 85/10/5 mixtures compared to POPC. It suggests a higher PDPC affinity to SM rather than to cholesterol. The lower PDPC affinity to cholesterol was evidenced in the PDPC-containing mixtures, where a lower melting temperature for phase I and higher for phase II was observed. This later phase, proportionally more enriched with the cholesterol, exhibited a higher melting temperature and enthalpy (Table 2) indicating that more energy is required to melt this phase compared to the POPCcontaining mixture. Our results support the idea that in the PDPC ternary mixtures, SM partition into L o and L d phases is rather governed by PDPC than cholesterol. The low affinity of cholesterol for PDPC in L d phase can explain the observed cholesterol segregation into the L o phase allowing more SM molecules to segregate along with cholesterol. The induced lipid packing leads to larger L o domains in PDPC mixtures due to a reduction of the hydrophobic surface exposed to water molecules explaining the higher thermo-stability of this phase at physiological temperature and above. Interestingly, at lower temperatures the opposite trend is observed in ESR with increased L o fraction for POPC mixture. Our data are in accordance with results reported by Stillwell and Wassall [69] , using also OA and DHA, but in PE. Non-raft domains were also reported to exclude cholesterol because of the steric incompatibility between the highly disordered DHA acyl chain and the rigid steroid moiety of cholesterol [70] subsequently leading to an increased size of rafts [71] . The present ESR data are emphasizing the role of the temperature in the analysis of the results of detergent extraction in experiments comparing the PUFA content in DRM. The molecular order parameter and L o fraction varies as a function of temperature with intersection of L o domain fraction for POPC and PDPC at about 37°C. Thus, the coefficient of partition of the detergent for the coexisting phases could be different at low (4°C) and physiological temperature. The loosening effect of POPC in the L o phase and smaller domain size can both allow more detergent to be partitioned and more cholesterol to be extracted.
The data shows that at low temperatures the greater the molar ratio of PCs in the ternary mixture, the larger the relative fraction of L o domains. An explanation for this observation is that POPC and PDPC exhibit specific partition into the L o domains, particularly at low temperatures (4°C), the POPC seems to have more pronounced ability to partition into L o compared to PDPC. Our results are in accordance with data coming from molecular simulations using hybrid lipids showing that POPC is able to partition into L o domains, where such lipids decrease the order and compactness of the phase [72, 73] . The authors also stated that the degree of unsaturation of the sn-2 fatty acid chains characterizes the lineactant properties of the lipid with POPC being a weak lineactant compared to more unsaturated fatty acid lipids. The high propensity of POPC to form L o nano domains in our studied mixtures could be the results of its modest ability to occupy lipid domain interface and reduce line tension.
Application for health and diseases
Very long-chain (n-3) fatty acids have been demonstrated to have a wide range of physiological roles that encompasses a beneficial effect on a number of risk factors for conditions such as cardiovascular disease [74] . There is also substantial evidence that these fatty acids are able to improve a number of key-pathways of the inflammation cascade among which the production of inflammatory cytokines and T cell reactivity [75] . Their physiological activities can positively impact conditions such as blood pressure regulation, thrombosis activity, and reduced inflammation. The anti-inflammatory aspects of PUFA have been tested via n-3 PUFA supplementation in several conditions such as e.g., arthritis, Crohn's disease, dermatitis, psoriasis, and ulcerative colitis processes [76] . Results of these supplementation studies need to be carefully examined as the animal model results do not compulsorily translate into human medicine [77, 78] . Furthermore, an association with PUFA membrane modification and some medical conditions such as diabetes [79] or schizophrenia [80] has been described suggesting in some patients the existence of a throughout body membrane PUFA deficiency. Multiple molecular mechanisms involving (n-3) PUFA have been proposed. The connecting effects of PUFAs between the cell membranes, cytosol, and nucleus have been described modulating intracellular and extracellular signaling processes, and influencing patterns of gene expression as well as many other signaling pathways [81] . The here demonstrated changes in lateral lipid organization caused by PUFA composition have been proposed to account for the physiological effects of n-3 PUFAs, in particular in terms of membrane lipid order and protein sorting. An effect of PUFA in rafts was recently shown in several cell culture and animal studies influencing cell signaling in particular the activation T cell [82] . A modification in PUFA content in PC and PE may interfere differently in terms of signaling as PC is found primarily in the external leaflet where it is involved in rafts, while PE, internally located, being the major PUFA reservoir.
Conclusion
Using a combination of methods with both micron and submicron sensitivity, we have found in DHA vs OA containing PC mixtures that PDPC increases the Lo phase order parameter. In the studied mixtures, the lipid segregation does not only result from hydrophobic mismatch but also mode of acyl chain packing. A larger order parameter difference between L o and L d for PDPC is also involved in the phase separation. A comparison between GUV and ESR data indicates that above the demixing temperature POPC organizes in a great number of L o nanoscale domains invisible at the micron scale, while under this temperature small L d domains are distributed in a continuous L o phase. The preferential affinity of PDPC to SM rather than to cholesterol is also to be considered, in particular as a function of temperature.
ESR data demonstrate that POPC and PDPC are able to partition into the liquid-ordered domains as POPC is more susceptible than PDPC. Overall, these result can shed some light on the role of the acid chain length and degree of unsaturation in the dynamic of raft-like domains in biological membranes where metastability is needed not only for a rapid response to biological stimuli but also to regulate physiological process such as inflammation and signaling.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.bbamem.2015.02.027.
